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In contrast to the majority of O2-activating enzymes,
which depend on an organic cofactor or a metal ion
for catalysis, a particular group of structurally unre-
lated oxygenases is functional without any cofactor.
In this study, we characterized the mechanism of
O2 activation in the reaction pathway of a cofactor-
independent dioxygenase with an a/b-hydrolase
fold, which catalyzes the oxygenolytic cleavage of
2-alkyl-3-hydroxy-4(1H)-quinolones. Chemical anal-
ysis and electron paramagnetic resonance spec-
troscopic data revealed that O2 activation in the
enzyme’s active site is substrate-assisted, relying
on single electron transfer from the bound substrate
anion to O2 to form a radical pair, which recombines
to a C2-peroxide intermediate. Thus, an oxygenase
can function without a cofactor, if the organic
substrate itself, after activation to a (carb)anion by
an active-site base, is intrinsically reactive toward
molecular oxygen.
INTRODUCTION
Oxygenases catalyze the incorporation of oxygen atoms from
molecular oxygen into their organic substrates. Oxygen is
chemically unreactive in its triplet ground state, because its
direct reaction with a singlet species to form singlet products
is ‘‘spin-forbidden.’’ Enzymes that use O2 as substrate have to
overcome this barrier to reaction. One possible strategy is initial
activation of the organic substrate to a radical, which can react
with O2 in a spin-allowed process. Another strategy is to activate
O2, either by orbital overlap with a suitable transitionmetal ion, or
by an electron transfer from a potent electron donor to form a
reduced oxygen species. Reduced flavin or pterin cofactors
and some metal centers can effectively catalyze such electron
transfer reactions (Bugg, 2003). The vast majority of oxygenases
indeed depend on an organic cofactor or transition metal ion
for catalysis. In recent years, however, several oxygenases and
oxidases have been identified that neither contain nor require
any cofactor (reviewed in Fetzner and Steiner, 2010), which
raises the question of how these enzymes work.
1H-3-hydroxy-4-oxoquinaldine 2,4-dioxygenase (Hod) is in-
volved in quinaldine (2-methylquinoline) utilization by Arthro-Chemistry & Biology 21, 217bacter sp. Rue61a, an isolate from the biological wastewater
treatment plant of a coal tar refinery (Niewerth et al., 2012).
Hod catalyzes the oxygenolytic cleavage of two C-C bonds of
its nitrogen-heteroaromatic substrates (Figure 1). Together with
genes coding for other enzymes of the degradation pathway,
the hod gene is part of a catabolic operon whose transcription
is upregulated when Arthrobacter sp. Rue61a is growing on qui-
naldine or on aromatic compounds downstream in the catabolic
pathway (Parschat et al., 2007). However, Hod also is able to
oxygenate and thus inactivate 2-heptyl-3-hydroxy-4(1H)-quino-
lone (a.k.a. the Pseudomonas quinolone signal [PQS]), a quorum
sensing signaling molecule of Pseudomonas aeruginosa that is
involved in the regulation of many virulence factors (Pustelny
et al., 2009).
Hod is devoid of any cofactor (Bauer et al., 1996) and belongs
to the a/b-hydrolase fold superfamily of proteins (Fischer et al.,
1999; Steiner et al., 2010). a/b-Hydrolases usually employ a
catalytic triad consisting of a nucleophilic residue, a strictly
conserved histidine, and an acidic residue for catalysis (Bugg,
2004; Nardini and Dijkstra, 1999). Remarkably, such a triad is
structurally conserved in Hod, comprising the residues S101,
H251, and D126 (Steiner et al., 2010) (Figure 1). Residues H251
and D126, which form a charge-relay tandem, have a key role
in catalysis. Steady-state kinetic and UV spectroscopic data
indicated that upon binding of the physiological substrate
3-hydroxy-2-methyl-4(1H)-quinolone (MHOQ) to the enzyme,
H251 acts as a general base to form an MHOQ anion (Frer-
ichs-Deeken et al., 2004). From the crystal structure of Hod in
complex with MHOQ, it was deduced that deprotonation by
the His/Asp dyad selectively occurs at the 3-OH group of the
substrate (Steiner et al., 2010). However, the hypothesis of
a general base mechanism does not address the key question
of how the enzyme satisfies the quantum rule.
Two possible mechanisms have been proposed for cofactor-
independent enzymatic O2 activation. For urate oxidase, activa-
tion of the enzyme-bound urate dianion to a urate monoanion
radical and enzyme radical (EHd) occurs without participation
of dioxygen. Subsequent O2 activation is thought to involve
electron transfer from EHd to form the superoxide anion radical
(Gabison et al., 2011). For Hod, we have suggested that it
activates O2 by electron transfer from the enzyme-bound sub-
strate anion to form a [substrate radical – superoxide anion
radical] pair, which recombines to a peroxide intermediate
(Frerichs-Deeken et al., 2004; Steiner et al., 2010). Substrate-
mediated O2 activation has also been discussed as catalytic
strategy of 3,5-dihydroxyphenylacetyl-CoA 1,2-dioxygenase–225, February 20, 2014 ª2014 Elsevier Ltd All rights reserved 217
Figure 1. 1H-3-hydroxy-4-oxoquinaldine 2,4-dioxygenase
(A) Cartoon representation of HodC, with the a/b-hydrolase fold core domain
and cap domain in light and dark gray, respectively. Red dots indicate the
positions of the triad residues (S101, D126, H251).
(B) Active site of HodC complexed with MHOQ; the residues of the conserved
triad, the cap domain residue W160, and MHOQ are shown in stick repre-
sentation. The cyan mesh indicates the putative O2 position.
(C) Reaction catalyzed by Hod. R = H, n-alkyl (C1 to C9). (A) and (B) were
generated from Protein Data Bank (PDB) codes 2WJ3, 2WJ4, and 2WM2,
respectively, using the PyMOL Molecular Graphics System, Version 1.3
(Schro¨dinger).
Table 1. Apparent Steady-State Kinetic Parameters of HodC and
HodC-W160A
Protein
KM (mM) kcat (s
1)
MHOQ BHOQ MHOQ BHOQ
HodC 2.7 (0.3)a 29.4 (5.3)a 38.4 (0.3)a 41.2 (2.5)a
HodC-W160A 272.1 (27.7) 167.6 (22.4) 0.93 (0.05) 0.12 (0.01)
The average of at least three independent experiments is given with the
SD in parentheses. See also Figure S1.
aData from Steiner et al. (2010).
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Substrate-Assisted Enzymatic O2 ActivationDpgC (Tseng et al., 2004; Widboom et al., 2007), the quinone-
forming monooxygenases SnoaB and ActVA-orf6 (Grocholski
et al., 2010; Sciara et al., 2003), the two-componentmonooxyge-
nase SnoaW/SnoaL2 that catalyzes a cosubstrate-dependent
but cofactor-independent hydroxylation of an anthracycline
substrate in nogalamycin biosynthesis (Siitonen et al., 2012),
and Renilla luciferase that is an imidazolopyrazinone monooxy-
genase (Loening et al., 2006; Woo et al., 2008). Among the
cofactorless oxidases, electron transfer from enzyme-bound
(deprotonated) substrate to O2 has been proposed for Aln6,
which is involved in the biosynthesis of the aromatic polyketide
alnumycin (Oja et al., 2012), and for PqqC that catalyzes the final
step of pyrroloquinoline quinone biosynthesis (Bonnot et al.,
2013; RoseFigura et al., 2011). Such an activation of O2 by the
organic substrate itself is analogous to the reaction of reduced
flavins with dioxygen (Bruice, 1984; Chaiyen et al., 2012;
Massey, 1994; Palfey et al., 1995), however, direct proof for
the hypothesis that this mechanism is effective in cofactorless
oxygenases is lacking. In this study, we combined chemical
and spectroscopic methods to unravel the reaction pathway
of Hod and to provide evidence that cofactor-independent
oxygenases mediate substrate-assisted O2 activation.
RESULTS
Catalytic Properties of HodC and HodC-W160A
The crystal structure of HodC (the C69S mutant of Hod) sug-
gested that the cap domain residue W160 plays an important
role in shaping the catalytic pocket, imposing an inward curva-
ture on the surface of the active site cavity (Steiner et al.,
2010). Because enzyme-bound MHOQ is sandwiched between
W160 and a putative O2 cavity at a basin of the active site pocket
(Steiner et al., 2010) (see also Figure 1B), we assumed that
substitution of W160 by a small residue does not interfere with218 Chemistry & Biology 21, 217–225, February 20, 2014 ª2014 ElseO2 binding, but probably affects binding and orientation of
the substrate and possibly also has an impact on later steps in
catalysis. In order to enlarge the substrate cavity, we replaced
W160 with alanine by site-directed mutagenesis of the hodC69S
gene and purified the HodC-W160A protein (see the Supple-
mental Experimental Procedures available online). Compared
to HodC, HodC-W160A showed a 41-fold decrease in the
apparent kcat and a 100-fold higher apparent KM for the physio-
logical substrate MHOQ (Table 1). However, its apparent KM for
O2 (879 ± 214 mM) was similar to that of HodC (805 ± 146 mM),
suggesting that O2 binding is not significantly perturbed by the
amino acid substitution. The apparent KM of HodC for 2-butyl-
3-hydroxy-4(1H)-quinolone (BHOQ) is 11-fold higher than for
MHOQ, whereas the apparent kcat values are similar (Table 1),
indicating that the extended alkyl moiety affects substrate bind-
ing rather than turnover. In case of the HodC-W160A protein, a
1.6-fold decrease of the apparent KM for BHOQ (compared to
its KM for MHOQ) and an 8-fold lower apparent kcat for BHOQ
suggest a somewhat stronger, but less productive binding of
the substrate with the longer alkyl chain. Thus, positioning of
the organic substrates, especially of BHOQ, within the active
site seems to be less accurate or more flexible in HodC-
W160A than in HodC. The replacement also might increase
conformational flexibility of the protein and thus weaken the
shielding of the active site from solvent.
To verify that HodC-W160A catalyzes the same reaction as
the wild-type enzyme, the extracted organic product of MHOQ
conversion was identified by HPLC and comparison with the
authentic reference compound as N-acetylanthranilic acid (see
Figure S1); as expected, mass spectrometric analysis of the
product showed amolecular ion peak [M+H]+ at mass-to-charge
ratio (m/z) 180 and fragments at m/z 162 (15%) [C9H7NO2+H]
+,
138 (10%) [C7H7NO2+H]
+, and 120 (100%) [C7H5NO+H]
+.
Electrospray ionization-mass spectrometry (ESI-MS) analysis
of the product of BHOQ conversion by HodC or HodC-W160A
revealed a peak of m/z 222, corresponding to the [M+H]+ ion
of N-pentanoylanthranilic acid. Fragmentation resulted in ions
with m/z 204 (4%) [C12H13NO2+H]
+, 138 (19%) [C7H7NO2+H]
+,
and 120 (100%) [C7H5NO+H]
+. Carbon monoxide released
was detected spectrophotometrically as CO-hemoglobin, as
described previously (Pustelny et al., 2009). The possibility of a
2,3-dioxygenolytic side reaction to form an a-oxo acid, and
subsequent hydrolysis to formate and the corresponding
N-acylanthranilic acid, was examined with formate dehydro-
genase. In the assay, whose sensitivity would have enabled
the detection of %0.5% of side product from the organic
substrates, we did not observe any activity, confirming thatvier Ltd All rights reserved
Figure 2. Kinetics of CMd Formation and O2 Consumption during
the Enzyme-Catalyzed Conversion of MHOQ and BHOQ
Kinetics of CMd formation and O2 consumption during the enzyme-catalyzed
conversion of MHOQ (A) and BHOQ (B). The contents of the assay mixtures
are indicated in the insets. Solid lines, formation of CMd; dashed lines, con-
sumption of O2, as deduced from the time course of the TAM signal. Constant
intensities of the TAM signal from control experiments were defined to
correspond to 100% of dissolved O2. The stable minimum of the TAM intensity
after conversion of MHOQ and BHOQ by HodC or HodC-W160A, respectively,
was assumed to represent 0% O2. Traces are the means of at least three
replicates. During oxygenolysis of BHOQ by HodC-W160A, CMH oxidation
proceeded with an initial rate of 2.11 (±0.05) mM min1. The initial CMH
oxidation rate was 4.5-fold lower when MHOQ was converted. The already
high content of CMd at start time is explained by the delay of 1–2 min between
sample preparation and measurement of the first EPR spectrum. The CMH
oxidation rate finally reached a value of 0.03 (±0.04) mMmin1 (0.06 [±0.02] mM
min1 in case of the MHOQ oxidation), which is similar to the constant rate of
CMH oxidation in substrate reference solutions (green traces).
See also Figure S2.
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MHOQ and BHOQ.
Oxidizing Species Are Formed during the Hod-Catalyzed
Reaction
A KD value of 2.66 ± 0.26 mM was determined for the anoxic
complex of HodC and MHOQ by fluorescence titration, indi-
cating tight interaction of the substrate with the enzyme in the
absence of O2. To detect radicals possibly generated in Hod
upon substrate binding, we performed electron paramagnetic
resonance (EPR) experiments with anoxic mixtures of HodC
and its natural substrate MHOQ, using an even higher enzymeChemistry & Biology 21, 217concentration than that reported for an analogous experiment
with urate oxidase (Gabison et al., 2011). No EPR signal was
observed at room temperature, 70 K, or 20 K for anoxic solutions
of up to 2 mM enzyme and 5 mM MHOQ, even after 4 hr of
spectra accumulation, suggesting that interaction of MHOQ
with Hod does not generate radical species, differently from
the reaction in urate oxidase.
In an attempt to detect oxidizing intermediates that might
occur during the Hod reaction, the cyclic hydroxylamine
spin probe 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethyl-
pyrrolidine (CMH) was added to the reaction mixtures. CMH is
a one-electron reductant that reacts very fast with the superox-
ide anion radical (k 104 M1 s1) to the CM-nitroxide radical
(CMd), but it is also known to be susceptible to other oxidative
species (Dikalov et al., 2011; Ouari et al., 2011). CMd is very
stable and elicits a typical 3-line EPR spectrum whose temporal
evolution was recorded (Figure S2). CMd formation during
conversion of MHOQ or BHOQ by wild-type HodC protein in
the presence of O2 was very slow and followed linear kinetics
(Figure 2, solid red traces). In contrast, significant amounts of
CMdwere formed in a nonlinear kinetics when CMHwas present
during the HodC-W160A catalyzed reaction (Figure 2, solid black
traces). The decrease in the CMH oxidation rate can be attrib-
uted to the decelerating enzymatic reaction due to substrate
depletion, as illustrated by the kinetics of the signal of the
tetrathiatriarylmethyl radical (TAM) oxygen probe that is also
monitored by EPR (Figure 2, dashed black lines). The initial rates
of O2 consumption observed in these assays approximately
corresponded to the rates of substrate conversion, measured
spectrophotometrically under conditions identical to those of
the EPR experiments. In case of the HodC-W160A-catalyzed
conversion of BHOQ, for example, the initial rates of O2
consumption (Figure 2B, black dashed trace) and BHOQ con-
version were 11 mM min1 and 12 mM min1, respectively.
CMH oxidation during the HodC-W160A reaction was not
quenched by catalase or superoxide dismutase (SOD), and
addition of H2O2 did not significantly increase CM
d formation
(data not shown). The additional presence of triphenylphosphine
(TPP), a reagent selective for organic hydroperoxides (see
below), during the enzymatic BHOQ oxidation did not signifi-
cantly interfere with CMH oxidation (Figure 2B, gray traces).
In oxic protein solutions without an organic substrate, forma-
tion of CMd was negligible (Figure 2, blue and pink traces), dis-
proving the possibility that the CMH oxidation observed during
the reaction is due to a reactive oxygen species that is formed
by direct O2 activation by the enzyme. The observation that
anoxic mixtures of HodC-W160A and substrate likewise showed
only background formation of CMd (comparable to that observed
in oxic substrate reference solutions) argues against the possibil-
ity that the CMH oxidizing species derives from direct substrate
activation to a radical by the enzyme. Taken together, the results
clearly indicate that formation of the reactive CMH-oxidizing
species by HodC-W160A was strictly dependent on the pres-
ence of both the organic substrate and O2.
When HodC-H251A, which still binds MHOQ but due to its
inability to deprotonate the substrate is virtually inactive, or
HodC-W160A that was inactivated by covalent histidine modi-
fication using diethyl pyrocarbonate, were tested for CMH
oxidation in the presence of organic substrate and O2, the rates–225, February 20, 2014 ª2014 Elsevier Ltd All rights reserved 219
Figure 3. Concentrations of CMd andH2O2 Formed during theHodC-
W160A Catalyzed Oxidation of Different Concentrations of BHOQ
All reactions were incubated until full conversion of the organic substrate. Final
CMd concentrations were corrected for background oxidation, and the
corresponding H2O2 concentrations were corrected for the spontaneous
decay of H2O2 as deduced from control experiments. The bars represent the
means of at least three independent replicates with their SEM.
See also Figure S3.
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strate reference solutions (data not shown), confirming that
CMH oxidation during the HodC-W160A reaction is associated
with turnover.
When the nitrone spin traps 5,5-dimethyl-1-pyrroline N-oxide
(DMPO; 200 mM) or a-(4-pyridyl N-oxide)-N-tert-butylnitrone
(POBN; 200 mM), were used instead of CMH under the same
assay conditions, no EPR signal was observed even after pro-
longed spectra accumulation. Therefore, a direct identification
of carbon- or oxygen-centered radical species from the EPR
signatures of spin adducts was not possible. The absence
of any adduct signals also shows that radical intermediates,
if present, are not released into the solvent.Stoichiometry of the Products of CMH Oxidation
Whereas neither the bulky SOD nor the nitrone spin traps appear
to be able to sufficiently approach the active site pocket for
reaction, CMH seems to come close enough for allowing an
electron transfer. To find out whether CMH reduces superoxide
in the active site to form O2
2 or HO2
, the H2O2 content after
BHOQ conversion by HodC-W160A in the presence of CMH
was measured and compared with the amount of CMd. Interest-
ingly, the oxidation of CMH during the conversion of BHOQ
by HodC-W160A yielded one equivalent of H2O2 from two
equivalents of CMH, independent of the amount of substrate
converted by the enzyme (Figure 3).
For a more detailed understanding of the electron transfer
processes involved, the redox behavior of MHOQ, BHOQ and
CMH was analyzed by cyclic voltammetry (CV) (see Figure S3).
The midpoint potential of Sd/S (MHOQ) linearly decreases
as a function of pH, and for pH values above 12, becomes
sufficiently negative to thermodynamically favor the transfer of
an electron from S to O2 (Figure S3B). According to pKa calcu-
lations, substrate monoanions are prevailing between pH 11 and
13.5 (Figure S3C). A local pH above pH 12 in the protein’s
active site would produce a monoanionic substrate species220 Chemistry & Biology 21, 217–225, February 20, 2014 ª2014 Elsewith a sufficiently low potential to drive the reduction of O2 to
form the postulated [Sd – O2d
] pair. CMH shows two peak
pairs in CV, corresponding to the transitions CMH4 CMd and
CMd 4 CMox (Figure S3A). The pH dependence of the first
transition is similar to that of MHOQ (Sd/S), but the midpoint
potential is lower by 70 mV (Figure S3B). This implies that
CMH over a wide pH range is able to reduce a substrate radical
formed at the reaction site. Of course, CMH can reduce O2
d
because the midpoint potential of the O2
d/O2
2 couple
(+0.74 V versus Ag/AgCl) is much more positive.
Considering the redox behavior of the organic substrate
and CMH, the observed stoichiometry of one H2O2 and two
CMd formed during BHOQ oxidation by HodC-W160A can be
explained by the reaction of CMH with substrate radical as well
as superoxide, according to Equation 1:
CMH+S/CM +S +H+
CMH+O2 /CM +HO2 : (Equation 1)
Alternatively, after reduction of Sd by CMH to regain the sub-
strate anion, an electron can be transferred from S, whose
reduction potential is sufficiently low, to nearby O2
d to produce
O2
2 and again the substrate radical, which in turn is reduced
by a second CMH molecule:
CMH+S/CM +S +H+
S +O2 /S +O22
CMH+S/CM +S +H+ : (Equation 2)
In Equation 2, an independent approach of two CMH molecules
to the substrate radical and to superoxide is not required. Rather,
the substrate radical is used as a relay to shuttle an electron from
the first CMH to nearby superoxide, avoiding possible structural
restrictions for the second CMH to access the superoxide that
may be shielded by the bound substrate species (Steiner et al.,
2010).
Reduction of the substrate radical by CMH, as suggested in
both equations 1 and 2, regenerates the substrate. This should
result in an apparently lower rate of substrate consumption in
the enzymatic reaction if CMH is present. The effect of CMH
(600 mM) on BHOQ turnover by HodC-W160A was determined
in a spectrophotometric assay that monitors BHOQ consump-
tion. The initial rate of BHOQ conversion (13.56 ± 0.14 mM
min1) was reduced by12% (11.91 ± 0.18 mMmin1), support-
ing the proposal of substrate recycling in the presence of CMH.
Release of an Organic Hydroperoxide from the
Hod-Catalyzed Reaction
Following formation of the [Sd – O2
d] pair, the next step in
the proposed Hod reaction pathway involves formation of a
C2- (or C4-) peroxide anion or C2- (or C4-) hydroperoxide
(Frerichs-Deeken et al., 2004; Steiner et al., 2010). Organic
hydroperoxides (but not cyclic peroxides or H2O2) convert TPP
to triphenylphosphine oxide (TPPO) (Bou et al., 2008); control
experiments verified that H2O2 does not oxidize TPP significantly
under our assay conditions. Whereas the HodC-catalyzedvier Ltd All rights reserved
Figure 4. TPPO Formation in the Enzyme-Catalyzed Conversion of
MHOQ and BHOQ
The inset describes the contents of the assays besides TPP (100 mM) and
organic substrate (1 mM of MHOQ or 100 mM of BHOQ). The concentration of
CMH in the sample of HodC-W160A and BHOQ was 600 mM. Due to autoxi-
dation of TPP in all cases, the above TPPO concentrations represent the
differences of substrate-containing samples and reference samples without
the respective substrate. The bars represent the means of at least three
independent replicates with their SEM.
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oxidation of BHOQ by HodC yielded 2.4-fold more TPPO than
the control reaction (Figure 4, light gray bars). Oxidation of both
substrates by the mutant protein HodC-W160A resulted in much
higher amounts of TPPO (Figure 4, meshed bars). The additional
presence of SOD during the enzymatic reactions did not affect
TPPO formation. Interestingly, presence of CMH during BHOQ
conversion by HodC-W160A significantly quenched TPP oxida-
tion (Figure 4). This observation, together with the finding that
TPP does not affect CMH oxidation, indicates that the CMH
oxidizing species are formed earlier in the reaction pathway
than the organic hydroperoxide.
Structure of the Product of Hydroperoxide Reduction
Thin layer chromatography (TLC) separation of extracts of the
products of the HodC-W160A-catalyzed conversion of BHOQ,
performed in the presence or in the absence of TPP, revealed
an unknown compound, which showed yellow fluorescence
under UV light (366 nm) (Figure S4). CMH interfered with forma-
tion of this compound (Figure S4), suggesting that it derives from
a ‘‘late’’ intermediate, such as the organic hydroperoxide.
Reduction by TPP of the proposed C2-hydroperoxide of
BHOQ would yield 2-butyl-2-hydroxy-1,2-dihydroquinoline-
3,4-dione. Its formation in the absence of TPP might be due to
elimination of H2O2 from the hydroperoxide to form 2-butylqui-
noline-3,4-dione, followed by addition of water. This reaction
would be analogous to the conversion of 5-hydroperoxyisourate
via dehydrourate to 5-hydroxyisourate by urate oxidase (Kahn
and Tipton, 1998; Sarma and Tipton, 2000). The hypothesis
of H2O2 elimination is supported by the detection of H2O2
concentrations similar to those of TPPO in samples contain-
ing HodC-W160A and BHOQ, incubated in the absence of
reductants.
MS analysis of the unknown compound revealed an m/z of
234 for [M+H]+, suggesting the molecular formula C13H15NO3.
Fragmentation resulted in ions with m/z 216 (100%) for
[C13H13NO2+H]
+, 188 (3%) for [C11H9NO2+H]
+ or [C12H13NO+H]
+,Chemistry & Biology 21, 217178 (2%) for [C9H7NO3+H]+, 160 (1%) for [C9H5NO2+H]+,
146 (13%) for [C9H7NO+H]
+, and 132 (<1%) for [C8H5NO+H]
+.
Except for the fragment ion with m/z 216, which probably results
from preferred water elimination from the proposed 2-butyl-2-
hydroxy-1,2-dihydroquinoline-3,4-dione, a similar fragmentation
pattern was reported for 3-alkyl-2,3-dihydroxy-4(1H)-quinolones
by Le´pine et al. (2004). To analyze the structure and determine
the position of the OH-group in the proposed compound, 1D
and 2D nuclear magnetic resonance (NMR) methods were
applied. In the 1H NMR spectrum the resonances for the n-butyl
group were found between 0.7 and 1.7 ppm (H-9–H-12) showing
the expected multiplicities. The assignments followed directly
from the correlations in the proton-proton shift correlation
spectroscopy (HHCOSY). In the low field part of the spectrum
four aromatic protons (H-5–H-8) appeared between 7.0 and
7.7 ppm, indicating a 1,2-disubstituted benzene moiety by its
characteristic coupling pattern. Two singlets at 10.74 and 5.65
ppm suggested OH and NH protons. Apart from signals for
the n-butyl and the 1,2-disubstituted benzene moiety the 13C
NMR showed additional resonances for the carbonyls C-3
(d 196.1) and C-4 (d 172.89) and one tertiary hydroxyl group
(d 81.69), which therefore must be located at C-2. In this con-
figuration, the adjacent C-9 protons have shifts below 2 ppm,
which in case of a more planar configuration are expected
2.5 ppm. The 2D NMR HHCOSY, heteronuclear single
quantum coherence (HSQC), and heteronuclear multiple bond
correlation (HMBC) data corroborated the given assignments
(Table 2; Figure S5). From the characteristic resonances and
the overall good agreement between the experimental and
predicted shifts and couplings (Table 2), we conclude that the
isolated compound is indeed 2-butyl-2-hydroxy-1,2-dihydroqui-
noline-3,4-dione.
DISCUSSION
From the available crystal structures of cofactorless oxygenases
(Grocholski et al., 2010; Loening et al., 2007; Sciara et al., 2003;
Steiner et al., 2010; Widboom et al., 2007) and oxidases (Carlson
et al., 2008; Colloc’h et al., 1997, 2008; Juan et al., 2008; Lee
et al., 2005; Schwarzenbacher et al., 2004), it has become
evident that different protein folds can provide the catalytic scaf-
fold for cofactor-independent O2 activation. Nevertheless, the
enzymes appear to share common mechanistic features. For
several members, formation of a (carb)anion intermediate was
proposed to occur as initial catalytic step (Frerichs-Deeken
et al., 2004; Grocholski et al., 2010; Imhoff et al., 2003; Sciara
et al., 2003; Tseng et al., 2004; Widboom et al., 2007). Another
aspect that seems to be common to most reactions is the ability
of the deprotonated substrates to form resonance-stabilized
radicals. ForMHOQand also for anthrones, which are substrates
of quinone-formingmonooxygenases, radical formation from the
respective anion was observed in chemical model reactions
(Frerichs-Deeken et al., 2004; Mu¨ller, 1996).
In order to detect possible radical species formed during the
Hod reaction, we used the spin probe CMH. Significant amounts
of CMdwere formed during the reaction when the mutant protein
HodC-W160A was the catalyst, but not during HodC-catalyzed
conversions, suggesting that wild-type protein efficiently shields
its active site, whereas the mutant protein may have a more–225, February 20, 2014 ª2014 Elsevier Ltd All rights reserved 221
Table 2. Experimental and Predicted Chemical Shifts and
J-Couplings of the BHOQ Hydroperoxide Decomposition Product
Position
Experimentala Predictiona
dC dH
b (J) dC dH
b (J)
1 — 5.65 s — 4.67 s
2 81.69 — 86.44 —
3 196.1 — 197.75 —
4 172.89 — 183.94 —
4a 119.02 — 124.57 —
5 126.74 7.71 dd (8/1.5) 124.97 7.71 d (8)
6 122.54 7.10 ddd (8/8/1) 123.63 6.99 dd (8/8)
7 135.93 7.59 ddd (8/8/1.5) 134.13 7.42 dd (8/8)
8 116.14 7.06 brd (8) 114.40 6.67 d (8)
8a 141.38 — 149.12 —
9 28.99 1.71 m /1.65 m 34.90 1.84 / 1.68
10 24.71 1.22 m (2H) 27.01 1.50 (2H)
11 22.60 1.15 m (2H) 23.77 1.50 (2H)
12 13.77 0.76 t (7;3H) 14.10 0.90 (7;3H)
2-OH — 10.74 brs — 8.77
Proposed structure
1
2
3
4a 45
6
7
8
9
8a
10
11
12
O
O
CH3
C
H2
C
H2C
H2
OH
N
H
C
H
CH
CH
C
H
See also Figures S4 and S5.
aThe chemical shifts are given in ppm, the J-couplings in Hz.
bMultiplicity: brs, broad singlet; s, singlet; brd, broad doublet; d, doublet;
m, multiplet; t, triplet.
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Substrate-Assisted Enzymatic O2 Activationopen or more flexible active-site pocket. The observation that
CMH oxidation only occurs during the ongoing Hod reaction
indicated that the enzyme is not able to directly activate O2, or
its organic substrate. This is supported by EPR studies on the
anoxic complex of HodC and MHOQ, which—in contrast to the
anoxic urate oxidase-urate complex (Gabison et al., 2011)—
did not reveal any radical species. The reaction of urate oxidase
has been studied in great detail (Busi et al., 2007; Colloc’h et al.,
1997, 2008; Gabison et al., 2011; Kahn and Tipton, 1998; Sarma
and Tipton, 2000). In this enzyme, O2 activation was proposed
to occur via single electron transfer from an enzyme radical to
form the superoxide anion radical. However, as in our study,
spin trapping of superoxide or other oxygen radicals failed,
suggesting that the activated oxygen species is not released
from the enzyme (Busi et al., 2007; Gabison et al., 2011).
If (despite the failure to detect a radical in anoxic ES com-
plexes) the Hod reaction nevertheless would involve initial acti-
vation of the bound substrate anion to form a radical Sd that
rapidly reacts with O2 to an organic peroxyl radical S-OO
d, reac-
tion of the latter with CMHwould formCMd and S-OOH. Possible
(more or less efficient) decomposition of the latter to release222 Chemistry & Biology 21, 217–225, February 20, 2014 ª2014 ElseH2O2 would result in up to 1 H2O2 from oxidation of 1 CMH, pre-
sumably with an ill-defined stoichiometry. The observed exact
stoichiometry of 1 H2O2 formed from the oxidation of 2 CMH
does hardly conform to a possible reaction pathway via a peroxyl
radical intermediate, but can be explained by a 1:1 formation of
substrate radical Sd and superoxide radical O2
d in the Hod
reaction.
The [Sd – O2
d] pair could either result from initial formation
of Sd and enzyme-Hd and subsequent single electron transfer
from the enzyme radical to form enzyme-H+, Sd, and O2
d, as
discussed for the urate oxidase reaction. Again, the absence of
any radicals in anoxic mixtures of HodC and substrate and the
CMH oxidation data argue against this pathway. We therefore
propose that the radical pair is formed by direct electron transfer
from the enzyme-bound substrate anion to dioxygen (Figure 5).
This view is supported by the CV results that indicate that the
substratemonoanions have sufficiently low potentials to thermo-
dynamically allow electron transfer to oxygen. In the protein, the
substrate anion, deprotonated at its 3-OH by H251, is hydrogen
bonded with its N1 proton to the carbonyl oxygen of W36
(Steiner et al., 2010), which additionally facilitates the delivery
of an electron from substrate anion to dioxygen. Considering
the close proximity of substrate to oxygen in the active site
pocket of Hod (as suggested by distances of 2.51 and 2.63 A˚
of a chloride mimic to the substrate’s C2 and C4 atoms, respec-
tively; Steiner et al., 2010), the transfer appears to be kinetically
feasible.
Recombination of the [Sd – O2
d] pair should yield an organic
peroxide intermediate, which presumably is stabilized by the
oxyanion hole of the a/b-hydrolase fold of Hod (Steiner et al.,
2010). When using the nonphysiological substrate BHOQ, trace
amounts of organic hydroperoxide indeed were released from
the Hod reaction. Identification of the alcohol produced from
the reaction of the hydroperoxide with TPP as 2-butyl-2-
hydroxy-1,2-dihydroquinoline-3,4-dione verified that hydroper-
oxide formation had occurred at C-2 of the substrate. The
reaction products carbon monoxide and N-acylanthranilic acid
of the Hod reaction probably result from intramolecular attack
of the C2-peroxide anion at the C4 carbonyl and subsequent
collapse of an endoperoxide intermediate (Figure 5).
In summary, our data indicate that amajor role of Hod, besides
activating the substrate by general base catalysis and stabilizing
transition states along the reaction pathway, is to provide an
environment that facilitates electron transfer from the substrate
anion to O2. Thus, the enzyme utilizes the intrinsic reactivity of
its enzyme-bound substrate anion for O2 activation. Structural
and biochemical data on Hod and other cofactor-independent
oxygenases support the notion that these enzymes share the
common catalytic steps of initial base catalysis, substrate-assis-
ted O2 activation, and radical recombination to a peroxide
intermediate.
SIGNIFICANCE
In chemistry and biology, reactions of organic compounds
with O2 are restricted by the spin conservation rule.
1H-3-hydroxy-4-oxoquinaldine 2,4-dioxygenase (Hod) is
one of a few oxygenases that are functional without any
cofactor, raising the question of how O2 is activated. It hasvier Ltd All rights reserved
Figure 5. Proposed Reaction Pathway of the Hod-Catalyzed 2,4-Dioxygenolysis of 2-Alkyl-3-hydroxy-4(1H)-quinolones and Side Reactions
of Intermediates
R = H, n-alkyl (C1 to C9). Brackets indicate enzyme-bound reaction intermediates. Side reactions are indicated by dashed arrows.
See also Figure S3.
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Substrate-Assisted Enzymatic O2 Activationbeen proposed that cofactorless oxygenases use base
catalysis to activate their organic substrate, followed by
electron transfer from the substrate (carb)anion to O2
to form a [substrate radical – superoxide radical] pair, how-
ever, this hypothesis is largely untested. Alternatively, acti-
vation of the substrate to a radical may be mediated by the
enzyme, followed by electron transfer from the enzyme
radical to O2.
Hod catalyzes the oxygenation of 2-n-alkyl-3-hydroxy-
4(1H)-quinolones and thus is able to inactivate the Pseudo-
monas aeruginosa signaling molecule PQS. It uses a protein
architecture that is generally employed to catalyze hydrolyt-
ic reactions. Previous biochemical and structural data
revealed a general base mechanism as an initial step in
catalysis. In this study, we combined chemical and spectro-
scopic methods to characterize the mechanism of O2 acti-
vation by Hod and to identify intermediates formed along
the reaction pathway. Electron paramagnetic resonance
studies indicated that Hod is not able to directly activate
its organic substrate, or O2, to a radical species. However,
spin probe oxidation during substrate conversion by a Hod
variant yielded H2O2 in a stoichiometry that is consistent
with formation of substrate radical and superoxide anion
radical, resulting from single electron transfer from sub-
strate anion to O2. Cyclic voltammetry studies confirmed
that the proposed electron transfer processes are thermo-
dynamically favorable. Further along the Hod reaction,
a C2-hydroperoxide intermediate is produced, indicating
radical recombination at the C-2 position of the heterocycle.
Our study provides evidence for the long-standing but
poorly supported hypothesis that reactions catalyzed by
cofactor-independent oxygenases are substrate-assisted,
utilizing the intrinsic reactivity of the enzyme-bound sub-
strate anion toward O2.Chemistry & Biology 21, 217EXPERIMENTAL PROCEDURES
Chemicals
MHOQ was synthesized from 2-methyl-4(1H)-quinolone according to
Cornforth and James (1956) and Eiden et al. (1978). BHOQ was synthesized
essentially by the procedure reported by Ilangovan et al. (2013); for details,
see the Supplemental Experimental Procedures. Suppliers and handling of
other chemicals is also described in the Supplemental Experimental
Procedures.
Protein Expression and Purification, Enzyme Assay,
and Site-Directed Mutagenesis of hod
Wild-type Hod under oxic conditions forms dimers due to formation of an
intermolecular disulfide bridge. Therefore, previous functional and structural
studies were performed with Hod carrying a substitution of Cys69 by serine
(Beermann et al., 2007; Frerichs-Deeken et al., 2004; Steiner et al., 2010).
The Hod-C69S variant, termed HodC, shows the same catalytic activity
as Hod (Frerichs-Deeken et al., 2004) and is also used as ‘‘wild-type’’ protein
in this study. Growth of recombinant Escherichia coli M15 (pREP4, pQE30-
hodC69S) as well as E. coli harboring pQE30-hodC69S-W160A or pQE30-
hodC69S-H251A, and purification of His6-tagged Hod proteins were
performed as described in Beermann et al. (2007).
The catalytic activity of Hod proteins was determined spectrophoto-
metrically by measuring substrate consumption as described previously
(Frerichs-Deeken et al., 2004). For details on the enzyme assay, see the
Supplemental Experimental Procedures. Site-directed mutagenesis of the
hod-C69S gene to replaceW160 of HodC by alaninewas performed according
to the protocol of the QuikChange site-directed mutagenesis kit (Stratagene);
for primers, see the Supplemental Experimental Procedures.
Identification of Reaction Products and Side Products
The organic products of the reactions catalyzed by HodC and HodC-W160A
were prepared by chromatography as described previously (Pustelny et al.,
2009) and identified by HPLC and mass spectrometry. The possibility
of formate formation in a side reaction was assessed with formate dehy-
drogenase (see the Supplemental Experimental Procedures for details).
Organic hydroperoxides released from the enzymatic reactions were deter-
mined based on their specific reaction with TPP to TPPO, and quantification
of TPPO by HPLC (see the Supplemental Experimental Procedures).–225, February 20, 2014 ª2014 Elsevier Ltd All rights reserved 223
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Substrate-Assisted Enzymatic O2 Activation2-Butyl-2-hydroxy-1,2-dihydroquinoline-3,4-dione was isolated by prepara-
tive TLC and identified by mass spectrometry and high field NMR correlation
spectroscopy.
EPR Studies
The solution EPR experiments were performed at 25Cwith a Bruker ESP300e
spectrometer. The cyclic hydroxylamine spin probe CMHwas used to monitor
the formation of oxidizing species during the Hod reactions; for details, see
the Supplemental Experimental Procedures. Consumption of O2 was followed
with the oximetry probe TAM, a tetrathiatriarylmethyl radical. To monitor
the kinetic behavior, time-resolved spectra were analyzed by calculating the
line’s peak-to-peak intensity of both TAM and CMd (Figure S2). The low
temperature (70 K and 20 K) EPR measurements were done with an ELEXSYS
E680 spectrometer (Bruker). Sample preparation for anoxic measurements
was done in an anaerobic glove box. To quantify H2O2, an assay was devel-
oped using CMH as the electron donor for the catalytic reduction of H2O2 by
horse radish peroxidase (see the Supplemental Experimental Procedures
for details).
Cyclic Voltammetry
Cyclic voltammetric (CV) measurements were performed at 25 ± 1C under
quiescent condition by using a three-electrode configuration in a one-
compartment cell. A glassy carbon was used as the working electrode,
a saturated silver chloride Ag/AgCl as the reference electrode and a platinum
wire as the auxiliary electrode.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and five figures and can be found with this article online at http://dx.doi.org/
10.1016/j.chembiol.2013.11.013.
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